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Abstract 
The Calcium Looping (CaL) is a proven technology for efficient post combustion CO2 capture from fossil fuel fired power 
plants. The technology is applied in Dual Fluidized Bed (DFB) systems and offers CO2 capture rates of 90 % and above with low 
electric efficiency penalty. Early process feasibility studies for Calcium Looping were performed to identify the process potential 
by means of simplified process simulations based on assumptions and experimental data from lab scale. Now, existing 
experimental data from pilot scale investigations provide a substantial data base for reliable calculation of process efficiency and 
efficiency penalty for CO2 capture. Therefore the results of parametric investigations at pilot scale were incorporated into the 
simulations and new findings like the process improvement potential by natural flue gas water vapor considered. Moreover, the 
process simulation model was extended with a flue gas recycle for a more realistic process design and a CO2 capture model to 
predict CO2 capture efficiencies based on the operated process parameters. These novelties were used to identify optimum 
process operating points and further process optimization potential and process efficiency penalty calculated, considering 
expenditures for oxygen production by an air separation unit and CO2 compression for storage. The process simulation model is 
capable to be used as a design tool for process scale-up. Besides efficiency improvement, load flexibility is a major challenge for 
CCS plants of the future. In the second part of this publication, concepts to increase load flexibility of Calcium Looping CO2 
capture systems are presented. For small size power plants up to 200 MWel or industrial CCS plants a turbulent carbonator design 
with a bottom link to the sorbent calciner represents an interesting option for highest plant flexibility. Both, a fast fluidized 
carbonator and a turbulent carbonator design was tested at IFK with high capture efficiency and flexibility in operation.  
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1. Introduction 
Calcium Looping (CaL) is a proven technology for efficient post combustion CO2 capture from fossil fuel fired 
power plants. The technology is applied in Dual Fluidized Bed (DFB) systems and offers CO2 capture rates of 90 % 
and above with a comparatively low electric efficiency penalty as early studies have shown [2],[9]. The CaL process 
utilizes natural limestone (CaCO3), which is widely available all over the world, as a sorbent for CO2 capture. At 
CaL process conditions, the prior calcination of calcium carbonate (CaCO3 → CaO + CO2) at temperatures above 
900 °C allows the later reverse reaction to capture CO2 (CaO + CO2 → CaCO3) within an temperature range between 
600-700°C [7]. The core process is operated as a continuous circuit of solids between two fluidized bed reactors: the 
carbonator for CO2 capture and the regenerator for sorbent calcination (see figure 1a). As a post combustion CO2 
capture technology, the CaL Process can be retrofitted to existing fossil fuel fired power plants. Efficient capture of 
CO2 can be achieved with a considerably lower oxygen demand in the regenerator compared to pure oxy-fuel 
combustion. The recovery of heat from the CaL process at high temperature levels for steam generation and 
electricity production (figure 1a), increases the overall electrical power output by 40-50% based on the original 
power plant [9]. Due to sorbent deactivation over time, a constant make-up stream of fresh limestone is necessary 
and spent sorbent removed as purge [1]. The purged sorbent (mainly CaO) can be utilized e.g. in the cement process 
and reduce further CO2 emissions other processes.  
  
(a) Calcium Looping process scheme (b) 200 kWth DFB Pilot Plant 
Figure 1: The Calcium Looping process scheme (a) and 200 kWth dual fluidized bed Calcium Looping pilot plant with the two different 
configuration options (b). (R1) Regenerator, (R2) CFB carbonator, (R3) Turbulent carbonator [11]. 
After initial publication of the process idea by Shimizu et al. [15] the particle behavior over many calcination-
carbonation cycles was investigated by thermo gravimetric analyses [7]. Subsequently the process was tested in 
electrically heated lab-scale facilities [5], [6], [13] to prove the process feasibility. The technology was further 
developed at pilot scale requiring facilities with realistic process conditions (e.g. oxy-fired sorbent regeneration, 
effect of real flue gas, effects of fuel-ash and sulfur on sorbent performance and life-time, attrition, etc.) [4], [10], 
[15]. To this reason, the first DFB CaL pilot plant designed for a 200 kWth-equivalent flue gas stream was built at the 
IFK, University of Stuttgart and commissioned in 2010 [8]. In extensive experimental investigations Calcium 
Looping could be demonstrated at pilot scale and provide a substantial data base for reliable validation of process 
feasibility at realistic conditions [11]. These novelties can be used to identify optimum process operating points and 
further process optimization potential. 
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1.1. Experimental Setup for flexible plant operation 
Early key investigations in lab-scale facilities were carried out with different carbonator flow regimes in order to 
assess the effect of gas-solid contacting on the Calcium Looping process: (i) bubbling, (ii) turbulent, (iii) fast 
fluidized. The aforementioned regimes were compared (using the specific sorbent inventory vs. CO2 capture 
efficiency) and found that for the same process conditions, turbulent and fast fluidized regimes provide good gas-
solid contact conditions and enable high CO2 capture, whereas the bubbling regime observed less effective 
contacting and lower CO2 capture [6]. As a result, a plant design with two different carbonators was proposed by 
Hawthorne and Dieter (2011) with the possibility to test both fluidization regimes at pilot scale [8]. To enable a 
precise evaluation of experimental results it was essential to determine the exact sorbent mass flow between the two 
beds. This was conducted by means of mechanical measurement units and a high temperature solid flow sensor 
system, developed at Stuttgart University [11].  
Flexibility was defined as an important priority, allowing load changes and a broad variation in process 
conditions for each configuration during demonstration experiments enabling parameter variations for process and 
plant optimization. Figure 1b shows the two reactor configurations of the Calcium Looping pilot plant which were 
investigated with respect to flexibility and efficient process operation. Configuration A combines two fast fluidized 
CFB reactors (R1, R2) by means of two symmetrically arranged loop seals with cone valves to control the split of 
the solid flow between the reactors (sorbent looping rate). For configuration B, the connection between the shorter 
carbonator (R3) and the fast fluidized CFB regenerator (R1), was designed with the combination of an L-valve, for 
looping rate control and a bottom loop seal. The carbonator of configuration B was specially designed as a turbulent 
fluidized bed but proved stable operation also in fast fluidized and bubbling regimes to achieve high load flexibility 
[11]. At commercial scale, this type of configuration could be favored for small plant sizes up to 200 MWel. For 
larger plants multiple train systems with parallel CFB carbonators would represent an appropriate design to achieve 
load flexibility and a high flue gas throughput simultaneously [16].  
2. Experimental results from pilot plant operation 
Major goal of recent pilot scale investigations was to demonstrate Calcium Looping at realistic process 
conditions and to improve process operation for high process efficiency. Focus was put on investigations of 
improved CO2 capture due to flue gas vapor as a natural component in the flue gas and optimization of oxy-fuel 
combustion for calcination.  
  
(a) Process demonstration with real flue gas for high CO2 capture (b) Process improvement potential by real flue gas 
Fig. 2: (a) Results of first process demonstration at pilot scale [10], [11] using realistic flue gas with 15 vol.-% of water vapor. (b) Detailed 
investigation of process improvement potential due to the use of realistic flue gas at pilot scale.  
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2.1. CO2 capture efficiency improvement by natural flue gas water vapor  
Carbonation experiments with thermo gravimetric analyzers (TGA) have shown that water vapor atmosphere 
enhances the carbonation reaction of limestone [3], [4], [12]. For Calcium Looping, this effect is significant since 
water vapor is a natural component of combustion flue gases (typically around 15 vol.-% after wet desulfurization). 
Real flue gas as a result will improve CO2 capture compared to the existing data base from bench scale experiments, 
which were carried out with simulated dry flue gas [5], [6], [13]. Accordingly operating parameters like the sorbent 
circulation rate can be reduced and fuel saved due to less sensible heat transfer between the carbonator and calciner.  
Major goal of recent pilot operation was to demonstrate Calcium Looping at these realistic process conditions. 
Within the experiments with the 200 kWth pilot plant the effect of real flue gas could be shown clearly. Figure 2a 
shows the CO2 capture efficiency for a simulated dry and a realistic flue gas with 15 vol.-% water vapor in 
comparison and in relation to the equilibrium capture efficiency curve [11]. The CO2 capture efficiency of the 
carbonator follows closely the equilibrium curve of the carbonation reaction while for simulated dry flue gas, as is 
was used in bench scale experiments, there appears a significant gap of capture efficiency for low temperatures. This 
effect is going back to the higher reaction rates at higher temperatures and the fact that sufficient reactive sorbent 
material was available for high CO2 capture also for dry conditions. To determine a precise potential for increase of 
CO2 capture with real flue gas over the whole temperature range, the experiment was repeated with less available 
active CaO so that the chemical equilibrium is not the limiting factor and the effect of real flue gas can be observed 
more clearly. Figure 2b shows the CO2 capture efficiency over the whole temperature range and indicates an 
increase of up to 60 % compared with simulated dry flue gas. Further investigations have shown that this increase of 
capture efficiency occurs instantly after the change from dry to realistic flue gas. Moreover, the assumption that an 
increasing reaction rate at high temperatures increases capture until equilibrium is reached, could be shown clearly 
as well as the fact that the capture increase with real flue gas is a temperature independent effect.  
In conclusion, the effect of realistic flue gas, as proven in pilot operation, opens potential for process efficiency 
improvement and energy savings since high CO2 capture rates can be reached with lower looping ratios (thereby 
requiring less fuel for the regenerator).  
To gain a deeper understanding of the behavior of the Swabian Alb limestone used for pilot operation, TGA 
experiments have been performed with realistic flue gas concentrations and dry simulated dry flue gas. Both TGA 
series are shown in figure 3. In comparison, it can be observed, that realistic flue gas does have an impact on the 
carbonation conversion with increasing number of cycles while no significant improvement can be seen in the first 
cycles. Moreover, the kinetically controlled reaction rate of both measurements, which represent the slope of the 
curve before the carbonation reaches the transition point (Xmax) to the diffusion limited reaction regime, are very 
similar as it can be seen in figure 3. For the reaction system with the used limestone it leads to the conclusion, that 
the reaction rate of carbonation is not the dominant driving force for improved CO2 capture. However, in a vapor 
 
Fig. 3.: Thermogravimetric tests of  the Swabian Alb limestone with realistic flue gas conditions (15 vol.-% water vapor). 
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atmosphere, higher carbonation rates can be reached within the fast reaction regime, which means that Xmax 
increases significantly. To fully use this effect in a technical process, the average residence time of sorbent in the 
carbonator needs to be higher than the specific time required to reach the carbonation conversion of Xmax. 
Accordingly, this represents a direct requirement for the design of the carbonation reactor.  
2.2. Oxy-fuel Combustion for sorbent calcination 
A further important potential to reduce the energy consumption of Calcium Looping and potentially improve the 
overall process efficiency is expected to be hidden in the oxy-fuel combustion process for sorbent regeneration. 
Calculations had shown that the reduction of recycled CO2 flow for combustion can safe significant amounts of fuel, 
since significant amounts of energy is required to heat up the recycled CO2 in the calciner. If combustion with high 
concentrations of oxygen can be realized, the amount of recycled CO2 decreases the fuel demand but also energy 
intensive oxygen production in the air separation unit (ASU).  
Oxy-fuel combustion experiments at IFK demonstrated that the combustion of coal with oxygen concentrations 
of 50 vol.-%,dry is feasible without temperature hot spots due to the cold incoming sorbent and endothermic 
calcination [17]. Also for Calcium Looping combustion with high oxygen concentrations has been successfully 
demonstrated. Thereby CO2 flue gas concentrations above 90 vol.-%,dry and excess oxygen concentrations below 3 
vol.-%,dry could be achieved. At present, an inlet oxygen concentration of 50 vol.-%,dry can be considered as state of 
the art for pilot operation. This and a potential further increase of the oxygen ratio for sorbent calcination will be 
used as a basis for efficiency calculations in chapter 3.4.  
3. Simulation of the CaL process with experimental database from pilot operation 
A number of feasibility studies and calculations on process efficiency penalties of Calcium Looping have been 
performed in the years 2007-2009 [2], [9], [18], [19]. The database for validation of the underlying simulations in 
these years was based on a theoretical base, TGA results or bench scale facilities using simulated flue gas for 
experiments. Investigations at pilot scale have indicated substantial deviations between pilot and bench scale so that 
a confirmation of previous simulations is regarded to be required. This publication has presented pilot scale results 
which are considered to be relevant for a recalculation of the Calcium Looping process performance (e.g. the 
positive impact of real flue gas and feasibility of high oxygen concentrations for oxy-fuel calcination). In this 
chapter, the results from pilot experiments will be incorporated and used for the validation of the process 
simulations. Moreover, the basic process model from previous studies [9] has been extended for a more realistic 
model description of the process. Overall goal of the following calculations was to provide a reliable database for 
process assessment including state of the art technological feasibility and experience from recent pilot investigations 
to evaluate process efficiency and efficiency penalty due to carbon capture (including ASU and CO2 compression).  
The process simulations were performed based on the flue gas stream of an EBTF reference power plant [18] 
with a thermal coal input of 1657 MWth and a net efficiency of 45.5 %. The flue gas was considered to have the 
properties after desulfurization with a CO2 inlet concentration of 15 vol.-% and 15 vol.-% water vapor.  
3.1. The CO2 capture model and CO2 recycle for oxy-fuel calcination implemented in ASPEN Plus 
The process model used in previous simulations [9] has been extended for a more detailed description of the 
process. The most significant improvement was the implementation of the CO2 capture model proposed by Charitos 
et al. [6] to predict CO2 capture efficiency (figure 4). It was implemented as an iterative calculation based on the 
influencing process parameters CO2 concentration in the flue gas yCO2,in, the sorbent looping rate FCa, the fresh 
limestone make-up F0 and the sorbent inventory in the carbonator nCa. The decrease of Xmax, representing the 
carrying capacity of CO2 in the kinetically limited reaction regime, over multiple carbonation-calcination cycles are 
calculated according to Hawthorne et al. [9] as a function of the sorbent circulation rate and make-up. Sorbent 
specific parameters, representing the basis of the sorbent degradation curve, and reaction rates were determined and 
proven by samples from pilot experiments.  
2134   Heiko Dieter et al. /  Energy Procedia  63 ( 2014 )  2129 – 2137 
Oxy-fuel combustion generally requires recycled CO2 for combustion to reduce the oxygen concentration in the 
combustion gas. Fluidized beds are considered to enable combustion at higher oxygen concentrations since the bed 
material homogenizes the temperature distribution over height and cross section. At the same time, increased 
oxygen concentration decreases fuel consumption significantly since less recycled CO2 needs to be heated up to 
combustion temperature.  
Previous studies [9] have not considered a flue gas recycle in the model and therefore estimated fuel consumption 
too optimistic. This investigation has the scope to calculate reliable data for process assessment with state of the art 
technology. Therefore a flue gas recycle was implemented into the simulation model.  
3.2.  Process simulations as a design tool to identify optimum operating points 
This simulation methodology was developed as a method for process design, optimization and scale-up. 
Parametric investigations at bench scale facilities offered a good basis for process scale-up to pilot scale facilities 
[6], [13]. These bench scale results have partially been obsolescent since carried out without make-up stream, 
 
Fig. 4: Implementation of CO2 capture model [6] in ASPEN Plus to calculate the CO2 capture efficiency ECO2 based on operating parameters.  
  
(a) Identification of the minimum required Make-Up ratio.  (b) Minimization of Sorbent Looping Ratio.  
Fig. 5: Parametric investigation conducted with process simulations based on realistic data from pilot plant operation. (a) The minimum required 
Sorbent Make-Up Ratio (MU) at acceptable Sorbent Looping Ratio has been identified with 0.033 molCa/molCO2. (b) The Sorbent Looping ratio, 
one main influencing parameter for fuel consumption, can be further minimized by the increase of the specific sorbent inventory (Tau [min]).  
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without realistic flue gas, with use of external heating and can now be updated by pilot experiments. Parametric 
experiments at pilot scale however, require considerably higher effort and cost. Therefore, University of Stuttgart 
chose the approach to perform a minimized set of highly relevant pilot experiments to validate a realistic process 
model which is applicable for simulation of broad parameter sets. Figure 5 shows the methodology used to identify 
optimum CaL operating points. In a first simulation series the influence of fresh sorbent make-up (MU) was varied 
and the CO2 capture efficiency calculated as a function of the sorbent looping ratio. Considering, that process 
operation should be possible with low amounts of sorbent make-up to minimize limestone consumption, a value of 
0,033 was chosen. The combination of operating parameters, to achieve a carbonator capture efficiency of 90 %, 
was fixed and the carbonator sorbent inventory varied in a second step. Through the increase of the specific 
carbonator inventory (Tau) up to a technically feasible value of 70 min, the required sorbent looping ratio and 
accordingly the calciner fuel consumption could be minimized. The overall CO2 capture efficiency, including CO2 
from oxy-fuel combustion, CO2 released from the fresh sorbent limestone and a 5 % loss of CO2 in the conditioning 
process was determined with 93.1 %.  
3.3.  Efficiency potential for Calcium Looping 
Results from pilot investigations have identified potential to reduce fuel consumption as the key parameter for 
process optimization. Fuel savings proportionally reduce the oxygen demand and accordingly a major source of 
auxiliary power (ASU) and efficiency penalty. Efficiency penalties were calculated based on the EBTF reference 
power plant and a CaL steam cycle based on [9] with a gross efficiency of 44.9 %. Auxiliary consumers (ASU, CO2 
conditioning, pumps, flue gas and recycle blowers) which reduce the net efficiency of the CaL steam cycle are 
included to calculate the overall net efficiency of the plant with CaL CO2 capture. The base case (representing bench 
scale) without consideration of realistic flue gas (carbonator capture efficiency ECO2=90 %, residual sorbent capacity 
XR=0.075 and oxy-fuel combustion with yO2=30 %) was calculated with an efficiency penalty of 8.3 %.  
The improvement potential due to realistic flue gas was investigated on the basis of pilot experiments (chapter 
2.1). The residual sorbent capacity XR was increased in steps by 20, 40 and 60 %. This increase of sorbent activity 
results in higher Xmax values and less sorbent looping rate required to achieve 90 % carbonator capture efficiency. 
As a consequence, process efficiency increases and the net efficiency penalty decreases as shown in figure 6a.  
Further efficiency potential was identified through oxy-fuel calcination with high O2 concentrations. Figure 6b 
highlights the influence of O2 concentration (and fraction of recycled CO2 respectively) onto the efficiency penalty. 
It can be seen that the efficiency penalty can be reduced by 0.4 % if the O2 concentration is increased to 50 vol.-% 
(which was proven by pilot experiments as shown in chapter 2.2). Further improvements of 0.25 % can be achieved 
if calcination with 75 vol.-% O2 is shown to be technically feasible.  
  
(a) Efficiency potential with real flue gas and optimized operation (b) Efficiency potential by oxygen increase at regenerator inlet 
Fig. 6: Measures for further increase of process efficiency have been identified based on realistic scenarios for process optimization. (a) Due to 
the improved capture with real flue gas, the average carbonation conversion in the fast reaction regime Xmax increases and enbles lower fuel 
consumption. (b) Increased oxygen concentrations for combustion in the calciner save fuel and offer additional efficiency potential.  
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4. Conclusion 
Pilot scale demonstration at IFK has gained important outcomes for process flexibility and efficiency 
improvement. This database was used to evaluate CaL with respect to current state of the art technology and 
development. Improvements with real flue gas and optimization of oxy-fuel calcination can lower the efficiency 
penalty (including ASU and CO2 compression) down to 7.8 %. Further efficiency improvements (7.5 % penalty) for 
the standard CaL process are realistic by further optimization of the carbonation conditions with real flue gas and 
higher oxy-fuel concentrations.  
 
 
 
Fig. 7: Improvement potential for net efficiency penalty of Calcium Looping CO2 capture. Significant efficiency improvements could already be 
demonstrated by means of pilot experiments. Further realistic potential has been identified, but needs to be proven with future pilot experiments.  
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